Journal of Forestry Research (2014) 25(1): 53-62 
DOI 10.1007/s 11676-014-0432-7 


ORIGINAL PAPER 


Response of Pinus koraiensis seedling growth to different light condi¬ 
tions based on the assessment of photosynthesis in current and 
one-year-old needles 


Jiaojun Zhu • Kai Wang • Yirong Sun • Qiaoling Yan 


Received: 2012-11-11; Accepted: 2012-12-10 

© Northeast Forestry University and Springer-Verlag Berlin Heidelberg 2014 


Abstract: As one of the three major five-leaved pines in the northern 
hemisphere, Pinus koraiensis is the most important dominant tree species 
in the natural mixed-broadleaved Korean pine forests. However, the 
regeneration of P. koraiensis under the canopy of secondary forest stands 
is poor because of the light limitation. This study was conducted to 
understand how P. koraiensis seedlings adapt to different light intensities 
and what would be the optimum light level for their establishment and 
growth. Three repetition plots with four light intensities (15%, 30%, 60% 
and 100% of the natural incident irradiances, achieved by suspending 
layers of black nylon net above and surrounding the plots) were set up 
under natural climate conditions in a montane region in eastern Liaoning 
Province, Northeast China. A total of 80 P. koraiensis seedlings with 
similar height and root collar diameter were transplanted into four plots. 
After one year of acclimation to the specific light conditions, the seasonal 
variations of the photosynthetic variables and needle traits of the current 
and one-year-old needles, and the growth parameters were observed 
under four light intensities. The results indicated that: (1) The seedling at 
60% treatment exhibited the greatest growth, which agreed with the 
response of the light-saturated photosynthetic rates (A max ) and the dark 
respiration rate (R d ) in the current and one-year-old needles, i.e., R d at 
60% treatment was significantly lower than that at 100% treatment, but 
4 m ax did not differ between the seedlings at 100% and 60% treatments. (2) 
The P. koraiensis seedlings have a certain photosynthetic plasticity to 
adapt the light conditions by adjusting their needle traits and regulating 
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the physiological processes, because 4 max , R d , light saturation point and 
compensation point, the needle mass area, needle nitrogen and 
chlorophyll contents were significantly (/?<0.05) correlated with the light 
intensities. Especially, 4 max at 100% and 60% treatments was 
significantly higher (p<0.05) than that at 30% and 15% treatments for 
both current and one-year-old needles. (3) The needles of different ages 
played a commutative role during the growing season, i.e., the 
one-year-old needles played a major role for the photosynthesis in the 
early growing season; the current year needles did in the later growing 
season. This ensured the effective photosynthesis throughout the growing 
season. These findings suggest that P. koraiensis is the in-between 
heliophilous and shade-tolerant tree species at least for the seedlings up 
to 8 years. 

Keywords: light requirement, needle age, needle trait, photo synthetic 
plasticity, Pinus koraiensis 

Introduction 

As one of the three major five-leaved pines in the northern 
hemisphere, Pinus koraiensis Sieb. et Zucc (Korean pine) is the 
dominant tree species in the natural mixed-broadleaved Korean 
pine forests (MBKPFs) (the other two five-leaved pine species: P. 
sibirica and P. strobes) (Ma et al. 1992). It grows in Northeast 
China, the Far East of Russia and the Korean peninsula (Tao et al. 
1988; Zhao et al. 1991; Barnes et al. 1992; Ma et al. 1992). 
However, after more than a century of timber exploitation, 
MBKPFs have greatly declined in both area and number (Chen et 
al. 2002; Zhu et al. 2007; Li et al. 2012). Almost all of the 
MBKPFs had been turned into secondary mixed-broadleaved 
forests or converted to larch (Larix spp.) plantations in recent 
decades (Zhu et al. 2007). This conversion has resulted in inevi¬ 
table changes in the habitat, such as light, water, and biogeo¬ 
chemical processes of the forest ecosystems in the region (Liu et 
al. 1998), causing concerns for the long-term fate of the 
MBKPFs. During recent years, considerable efforts have been 
made to preserve P koraiensis as a valuable tree species, and the 
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restoration of the MBKPFs is considered as an important meas¬ 
ure in maintaining and improving forest ecosystem functions in 
Northeast China (Li 2004; Zhu et al. 2007; Li et al. 2012). 

Light plays a determinant role in the survival and growth of 
seedlings for many forest tree species that occur beneath the 
forest canopy (Zhu et al. 2003; Mason et al. 2004; Modry et al. 
2004). As light environments vary greatly during forest stand 
development and succession at both temporal and spatial scales 
(Messier and Puttonen 1995), tree species adaptation to the pre¬ 
vailing light conditions is crucial to the successful natural regen¬ 
eration. Some shade-tolerant tree species can regenerate under 
almost continuous canopy covers, such as Picea abies, Abies 
alba and Prunus turneriana (Grassi and Bagnaresi 2001; Bloor 
and Grubb 2003), whereas the creation of canopy gaps is neces¬ 
sary for the establishment of light-demanding tree species, such 
as Pinus sylvestris and Populus tremuloides (Kubiske and 
Pregitzer 1996; Luoma 1997; Pothier and Prevost 2002). The 
identification of light requirements is necessary to understanding 
the regeneration strategy of some tree species and for developing 
management practices to facilitate natural forest regeneration on 
environmentally constrained sites. 

However, due to the lack of a comprehensive understanding of 
the light requirements for the establishment of P koraiensis 
seedlings, artificially facilitated regeneration of the tree species 
in the secondary broadleaved forests has been mostly fraught 
with failure (Zhang et al. 2013). Up to now, there has been a 
contradictory view on the light requirements of P koraiensis 
seedlings (Wang et al. 2006). Yao et al. (1980) reported that P. 
koraiensis seedlings were light-demanding, and that the biomass 
of the seedlings reached a maximum under full light condition. 
But, Wu and Han (1992) found that P. koraiensis seedlings were 
shade tolerant and could survive and grow slowly for a long time 
under a dense canopy. Therefore, the light requirements of P. 
koraiensis exists uncertainty as its sciophyte or heliophyte. 

In order to make clear the light requirements of P koraiensis , 
we observed the photosynthesis of P koraiensis seedlings in 
current and one-year-old needles and the growth of the seedlings 
under different light intensities in a forest area of Northeast 
China. The objectives of the study were: (1) to examine the pho¬ 
tosynthetic plasticity of P. koraiensis seedlings to different light 
intensities; (2) to identify the roles of the current and 
one-year-old needles of Korean pine in the adaptation to light 
levels; and (3) to check whether P. koraiensis seedlings have an 
optimum light level for seedling establishment and growth. We 
studied several photosynthetic variables, needle traits and bio¬ 
mass in the current and one-year-old needles of six-year-old 
seedlings grown at 15%, 30%, 60% and 100% of the full light. 

Materials and methods 

Site description 

The study was conducted at the Qingyuan Experimental Station 
of Forest Ecology (QESFE), Chinese Academy of Sciences, in a 
montane region in eastern Liaoning Province, Northeast China 
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(41°51'N, 124°54'E, 500-1100 m above sea level). The climate is 
continental monsoon, with a strong windy spring, a warm and 
humid summer, and a dry and cold winter. The long-term mean 
annual air temperature is 4.7°C, with an annual minimum of 
-37.6°C and an annual maximum of 36.5°C. The mean precipita¬ 
tion is 810.9 mm per annum. The frost-free period is about 130 
days, with the first frost occurring in the start of October and the 
last in the end of April. 

Experimental design and treatments 

A total of 80 P koraiensis seedlings with similar height and root 
collar diameter from the same nursery were used in this study. 
The seedlings had an average height of 16.5±3.3 cm and an av¬ 
erage root collar diameter of 0.6±0.1 cm in May of 2007 when 
the first set of measurements was collected. They were raised in 
a nursery and transplanted into eight plots with different levels of 
shading treatment at an age of 5 years in May, 2007. Each plot 
was set up in a concrete box with 7.5 m long x 2 m wide in di¬ 
mension and contained top-layer forest soil to a depth of 1 m. 
There were four levels of light treatments (each light treatment 
contained two replications or plots): 100% of full light (L-100), 
60% of full light (L-60), 30% of full light (L-30), and 15% of 
full light (L-15). The derived levels of light were achieved by 
suspending layers of black nylon net above, and surrounding 
each plot. After one year of acclimation to a specific light condi¬ 
tion, the measurements of the photo synthetic variables and nee¬ 
dle traits were made in 2008. In order to exclude the effects of 
other environmental factors, the seedlings were watered in the 
dry season. There was no fertilizer application. The mean values 
of the major environmental factors, such as the light intensity i.e., 
the photo synthetic photon flux density (PPFD), temperature and 
air humidity, for the four light treatments were measured during 
the study period in 2008 (Table 1). 


Table 1 . Average values (mean ± SE) of environmental factors within 
the observation months (July-October) in 2008 


Light 

levels 

Mean photosynthetic photon 

2 1 

flux density (pmol-nT -s" ) 

Air temperature 

(°C) 

Air relative 

humidity (%) 

L-100 

842.4±20.00 d 

26.8±0.13 a 

35.37±2.70 b 

L-60 

544.9±16.71 c 

26.0±0.13 b 

40.16±2.77 a 

L-30 

263.2±5.32 b 

25.8±0.17 b 

39.53±2.59 a 

L-15 

125.3±2.73 a 

25.9±0.16 b 

39.59±2.54 a 


Note: data in the column with different letters indicate the significant differ¬ 
ence at p <0.05. The environmental factors were recorded during the observa¬ 
tion period of photosynthesis. 

Measurements of the photosynthetic parameters 

During the growing season from May to October, photosynthetic 
light-response curves were developed by measuring the photo¬ 
synthesis rates in the current and one-year-old needles at 11 lev¬ 
els of the PPFD (starting from 0 pmol-m ^s' 1 , then 20, 50, 100, 
200, 400, 600, 800, 1000, 1500 and 2000 pmoFm^s' 1 ) under 
ambient C0 2 concentrations (380 pmol-moL 1 ) with a portable 
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photosynthesis system (LI-6400, LiCor, Lincoln, NE, USA). The 
light-saturated photo synthetic rate (A max ), dark respiration rate 
(R d ), apparent quantum yield (AQY), light compensation point 
(LCP) and light saturation point (LSP) were derived by fitting 
the photo synthetic light-response curve (Farquhar and Sharkey 
1982). The curves of the photo synthetic response to intercellular 
C0 2 concentration (A/Q) were developed by measuring the rate 
of photosynthesis at ten C0 2 concentrations, beginning at 400, 
then sequentially at 300, 200, 100, 50, 400, 600, 800, 1000 and 
1500 pmol-mof 1 , at variable light-saturated PPFDs, depending 
on the growth light environments of the measured seedlings (i.e., 
1500 pmol-m^s' 1 in L-100, 1000 pmoFm'^s' 1 in L-60, 800 
pmol-nf -s' in L-30, and 600 pmohnf -s' in L-15) with the arti¬ 
ficial LI-6400-02B light source. The leaf chamber was set at a 
temperature of 25°C and a relative humidity of 50% during the 
measurements. The ribulose-1, 5-bisphosphate (RuBP) carboxy- 
lation capacity ( V cmax ) and the maximum rate of electron trans¬ 
port (J max ) were estimated from the A/Q curves fit by nonlinear 
regression, based on the model of Farquhar and Sharkey (1982). 

The measurements of photosynthesis were made on healthy, 
upper-crown needles of different ages, and were repeated on 
three branches, from three individual seedlings in the plots of 
each treatment. All of the measurements were made in the morn¬ 
ing, between 8:30 and 11:00 a.m. (GMT+008) on sunny days for 
10 days of each month. The values of the net photosynthetic rate 
were expressed on a leaf-area basis, and the width and length of 
needles were measured by Vernier calipers for calculating the 
total surface area of the needles used in each set of photosynthe¬ 
sis measurements (Choi et al. 2006). The photosynthetic pa¬ 
rameters of the current-year needles were measured from July, 
when those needles reached full expansion. All the data pre¬ 
sented are averaged to get a single value for each light treatment. 

Leaf mass area, nitrogen content, and chlorophyll content of the 
needles 

The needles used in the gas exchange measurements were dried 
at 80°C for 72 hours after the determination of the surface area 
and then calculated for the leaf mass area (LMA, defined as the 
ratio of leaf dry mass to leaf surface area, g-m' 2 ) (Diaz-Barradas 
et al. 2010). The leaf chlorophyll (Chi) content was determined 
spectrophotometrically using 80% acetone extracts 
(Diaz-Barradas et al. 2010). The total leaf nitrogen (N) contents 
were determined on the oven-dried samples using an elemental 
analyzer (Vario EL III, Germany). 

Growth parameters 

The root collar diameter and height of the experiment seedlings 
were measured at the end of October. Three average seedlings (7 
years old) in each plot were harvested at the end of the experi¬ 
ment in 2009. The number of needles, aboveground biomass 
(needle and stem separately) and belowground biomass were 
measured. The dry mass of each component (needle, stem and 
root) of the seedlings was obtained after the samples were dried 
at 80°C for 72 hours. 


Statistical analysis 

The data of photo synthetic variables presented in the figures 
were averaged with the three repetitions in the observation 
month. The effects of the light levels and months on the photo¬ 
synthetic variables as the function of the needle ages were evalu¬ 
ated by two-way repeated-measures ANOVA. The least signifi¬ 
cant difference (LSD) was used to differentiate the means among 
the light levels and months. Student’s Mest was used for the 
pairwise comparisons between the current and one-year-old nee¬ 
dles at the same light level. The differences between treatments 
in the photo synthetic variables, leaf traits and biomass were re¬ 
ported as significant when p < 0.05. The relationships of the light 
levels with photosynthetic variables and leaf traits were exam¬ 
ined by linear regression analysis. All of the statistical tests were 
performed using SPSS 13.0. 

Results 

Variations of the photo synthetic variables with the light levels 
and months 

All of the photosynthetic variables except AQY were signifi¬ 
cantly influenced by the light levels for both the current and 
one-year-old needles (p <0.05) (Table 2). Months had no signifi¬ 
cant effects on LSP and LCP of the current-year needles, and on 
LSP and V cmax of the one-year-old needles {p >0.05) (Table 2). 

The A max had maximum values under the L-60 light level in 
the current-year needles, except for the first month of observa¬ 
tions (July) (Fig. 1A). In the one-year-old needles, the maximum 
values of A max appeared under the L-100 light level during the 
first three months of observations (i.e., June, July and August); 
whereas, during the later two months (September and October) 
the maximum values of A max occurred under the L-60 and L-30 
light levels (Fig. IB). The A max exhibited less fluctuation under 
L-30 and L-15 light levels for both the current and one-year-old 
needles during the observation months (Fig. 1 A, B). 

Most of the R d of both the current and one-year-old needles 
increased with the increase of the light levels from L-30 to L-100 
during the observation period (exception for July in current-year 
needles and June in one-year-old needles) (Fig. 1C, D). The 
mean R d of L-100 treatment in current-year needles was signifi¬ 
cantly higher than that of L-60 treatment (p <0.05) (Fig. ID). 
Similar to A max , the R d of the current-year needles exhibited less 
fluctuation under L-30 and L-15 light levels (Fig. 1C). While, the 
R d of one-year-old needles did not show the similar trend to 
those of the current-year needles under L-30 and L-15 light lev¬ 
els (Fig. ID). The AQY decreased from August to October in the 
L-100 and L-60 treatments for the current-year needles and in the 
L-100 treatment for the one-year-old needles, whereas it re¬ 
mained constant in the seedlings subjected to the other light 
treatments (Fig. IE, F). There were significant monthly varia¬ 
tions in the A max and R d for the current-year needles in the L-100 
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and L-60 treatments and for the one-year-old needles in the L-100 treatment (Fig. 1). 


Table 2. Results of two-way repeated-measures ANOVA showing the P values for photosynthetic variables and needle traits in the current and 
one-year-old needles of Pinus koraiensis seedlings combined with light and month as main factors. 


Needle age 

Factors 

A 

s* max 

R d 

AQY 

Fcmax 

J max 

LSP 

LCP 

LMA 

N 

Chi 

Current -year 

Light 

0.001 

0.000 

0.473 

0.000 

0.003 

0.000 

0.000 

0.000 

0.000 

0.000 

Month 

0.045 

0.002 

0.015 

0.001 

0.000 

0.112 

0.252 

0.000 

0.000 

0.000 

One-year-old 

Light 

0.001 

0.001 

0.172 

0.000 

0.003 

0.000 

0.000 

0.000 

0.000 

0.000 

Month 

0.017 

0.001 

0.001 

0.055 

0.006 

0.373 

0.039 

0.000 

0.000 

0.000 


Note: A max : light-saturated photosynthetic rate, R L \'- dark respiration rate, AQY: apparent quantum yield, V cmax : ribulose-1, 5-bisphosphate carboxylation capacity, 
«/ max : the maximum rate of electron transportsion, LSP: light saturation point, LCP: light compensation point, LMA: leaf mass area, Chi: leaf chlorophyll content, N: 
total leaf nitrogen content. 



Jul Aug Sept Oct Mean Jun Jul Aug Sept Oct Mean 



Jul Aug Sept Oct Mean Jun Jul Aug Sept Oct Mean 


Fig. 1 . Seasonal variations in light-saturated photo synthetic rate (A max ), dark respiration rate (R L \) and apparent quantum yield (AQY) of Pinus koraiensis 
seedlings from June (for the one-year-old needles) or July (for the current-year-old needles) to October. A, C & E: the current-year needles; B, D & F: the 
one-year-old needles. Values are means ± SE of the three replicated needles. 
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The V cmax increased from July through September and then 
decreased in October for the current-year needles under L-60 and 
L-30 light levels (Fig. 2A). While, the V cmax for the one-year-old 
needles did not show the similar trend to that of the current-year 
needles. The mean V cmax of one-year-old needles during the ob¬ 
servation period (June-October) ranked as: L-60 > L-100 > L-30 
> L-15 (Fig. 2B). The J max increased from the early-season 


measurements to the end of the experiment in the current-year 
needles for all the four light levels (Fig. 2C). But the J max for the 
one-year-old needles did not exhibit the similar trend to that of 
the current-year needles, it showed the similar patterns of the 
mean V cmax for the one-year-old needles (L-60 > L-100 > L-30 > 
L-15) (Fig. 2D). 



a 

o 








Fig. 2. Seasonal variations in maximum rate of carboxylation (V cmax ) and maximum rate of electron transport (J max ) of Finns koraiensis seedlings from 
July to October. A & C: the current-year needles; B & D: the one-year-old needles. Values are means ± SE of three replicate needles. 






Fig. 3. Seasonal variations in light saturation point (LSP) and light compensation point (LCP) of Pinus koraiensis seedlings from July to October. A & C: 
the current-year needles; B & D: the one-year-old needles. Values are means ± SE of three replicate needles. 
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The LSP significantly increased with the light levels in both 
the current and one-year-old needles (Fig. 3A, B). But the LCP 
did not exhibit the clear increasing patterns compared to LSP 
(Fig. 3C, D). 

Variations of the needle traits with the light levels and months 

There were significant differences between the current and 
one-year-old needles in the monthly patterns of the LMA, needle 
N, and Chi (Fig. 4, Table 3). Generally, the LMA, needle N, and 


Chi in the current-year needles increased with time throughout 
the experiment (p< 0.05), whereas they did not display significant 
monthly changes in the one-year-old needles (p>0.05). The LMA, 
needle N and Chi increased with the light levels: they were 
greater in the L-100 and L-60 treatments than in the L-30 and 
L-15 treatments in both the current and one-year-old needles (Fig. 
4). On average, the LMA, needle N, and Chi in the current-year 
needles were respectively 10.5%, 20.5%, and 2.25% greater than 
in the one-year-old needles. 



Fig. 4. Seasonal variations in leaf mass area (LMA), leaf N content (N) and chlorophyll content (Chi) of Pinus koraiensis seedlings from July to October. 
A, C & E: the current-year needles; B, D & F: the one-year-old needles. Values are means ± SE of three replicate needles. 


Relationships between the photo synthetic variables and needle 
traits 

When the data for each age class and each light treatment were 
analyzed separately, significantly positive relationships of 
^4 max -LMA, ^4 max -N, and ^4 max -Chl were found for the current-year 
needles in the L-60, L-30, and L-15 treatments (/?<0.05), whereas 
the A max was strongly correlated with the stomatal conductance 
(g s ) for the one-year-old needles across all of the light treatments 
(/?<0.05, Table 3). Positive correlations of / max -LMA, J max -N, and 
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/ max -Chl were found for both the current and one-year-old nee¬ 
dles in all the four light treatments (exception for / max -Chl in 
L-100 treatment) (/?<0.05, Table 3). Almost non-significant cor¬ 
relations were found between V cmax and the needle traits (LMA, 
N and Chi), and g s for all the light treatments (p> 0.05, Table 3). 
When the data from all of the treatments were pooled, the needle 
N content was closely related to the LMA in both the current and 
one-year-old needles (current-year: r=0.94,^><0.05; one-year-old: 
r=0.93, p< 0.05). The if cmax was linearly related to the J max for the 
one-year-old needles (r=0.69,^><0.05). 
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Seedling growth parameters 

The growth in height did not exhibit a significant difference be¬ 
tween the light levels after one year of light acclimation (Fig. 
5A). However, significant differences were found between the 
treatments of L-100 or L-60 and the treatments of L-30 or L-15 
after two years of light acclimation and among the L-100, L-60, 
and the L-30 or L-15 after three years of light acclimation 
(/?<0.05) (Fig. 5A). The root collar diameter growth showed 
similar trends (Fig. 5B), although a significant difference was 
found between the L-100 and L-60 treatments after two years of 
light acclimation. We observed the same trends of biomass in 


response to the light levels for the aboveground (needle, stem or 
branch), belowground and total biomass (Fig. 6A, B, C), i.e., the 
biomass in the L-60 treatment was significantly higher than in 
the other treatments. However, there was no significant differ¬ 
ence of stem biomass between the L-60 and L-100 treatments 
(Fig. 6A). For the increase in the biomass, there was no signifi¬ 
cant difference between the L-30 and L-15 treatments (p> 0.05); 
and it was significantly higher under L-100 treatment than that of 
the L-30 and L-15 treatments. The ratios of above ground mass 
(AGM) to underground mass (UGM) showed no significant dif¬ 
ference among the different light levels; but the ratio of needle 
mass to AGM exhibited significantly lower in L-100 treatment 
(Fig. 6D). 


Table 3. Correlation coefficients (r) with significance level of linear regression for light-saturated photosynthetic rate (A max ), maximum rates of carboxy- 
lation (Fcmax) and electron transport (T max )with leaf mass area (LMA), leaf N content (N), leaf chlorophyll content (Chi), and stomatal conductance to 
water vapor (g s ) in the current and one-year-old needles of Pinus koraiensis seedlings grown at L-100, L-60, L-30, and L-15. 


Factors Age class 

Light level 

LMA 

N 

Chi 

&s 


L-100 

-0.3481 ns 

-0.3360 ns 

-0.0426 ns 

0.8067* 


L-60 

0.7565* 

0.7919* 

0.9497* 

0.725* 

Current-year 


* 

* 

* 

* 

L-30 

0.6952 

0.7157 

0.8462 

0.0761 

A 

L-15 

0.5870* 

0.616* 

0.7029* 

0.0309 ns 

^max 

L-100 

-0.582* 

-0.597* 

-0.0558 ns 

0.9045* 


L-60 

-0.1006 ns 

-0.0916 ns 

0.0222 ns 

0.9107* 

One-year-old 






L-30 

0.3887 ns 

0.4651 ns 

0.1684 ns 

0.6986 


L-15 

0.0469 ns 

0.1926 ns 

0.3632 ns 

0.7504* 


L-100 

0.8982* 

0.9439* 

0.4024 ns 

-0.8277* 


L-60 

0.9598* 

0.9813* 

0.6896* 

0.3318 ns 

Current-year 


* 

* 


* 

L-30 

0.8972 

0.9162 

0.8395 

-0.6376 

T 

L-15 

0.8981* 

0.8458* 

0.8959* 

-0.7150* 

'-'max 







L-100 

0.5847 

0.5698 

0.6101 

-0.4672 ns 


L-60 

0.8240* 

0.8688* 

0.6717* 

-0.3325 ns 

One-year-old 


* 

% 

* 


L-30 

0.7360 

0.8432 

0.8376 

-0.1862 ns 


L-15 

0.6808* 

0.6245* 

0.6412* 

0.1070 ns 


L-100 

-0.0196 ns 

0.0199 ns 

0.6251* 

-0.0697 ns 

Current-year 

L-60 

0.2591 ns 

0.2718 ns 

0.7388* 

0.2853 ns 

L-30 

-0.0179 ns 

0.0613 ns 

0.5474 ns 

-0.1351 ns 

TF 

L-15 

0.2047 ns 

0.4028 ns 

0.3508 ns 

0.0561 ns 

v cmax 

L-100 

-0.113 8 ns 

-0.2608 ns 

0.2739 ns 

0.1523 ns 

One-year-old 

L-60 

0.3062 ns 

0.3338 ns 

0.2331 ns 

0.1101 ns 

L-30 

0.1882 ns 

0.1826 ns 

0.4390 ns 

-0.3557 ns 


L-15 

0.1164 ns 

0.1005 ns 

0.245 l ns 

-0.1302 ns 

The significance indicates as: * represents p< 0.05, and ns 

represents p> 0.05. 
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Fig. 5. Seedling height (A) and root collar diameter (B) under different light levels at the end of the experiment. Different letters above the histogram 
indicate significant differences between light treatments at p<0.05. 
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Fig. 6. Biomass of seedlings under different light levels at the end of the experiment; aboveground biomass in stem and needle separately (A), under¬ 
ground biomass (B), total biomass (C), and the ratios of above ground mass (AGM) to underground mass (UGM) and the needle mass (NM) to AGM (D). 
Different letters above or on the histogram indicate significant differences between light treatments at/><0.05. 


Discussion 

Photo synthetic plasticity of the P. koraiensis seedlings based on 
the response of the photosynthetic variables to light levels 

The A max exhibited the maximum values under the L-100 and 
L-60 light levels in both the current and one-year old needles 
during the observation, indicating that the full light and 60% full 
light may be the better light levels for the photosynthesis of the P. 
koraiensis seedlings. The exception of A max in the current-year 
needles in July (the first month of the observation) was induced 
because the current-year needles did not develop completely in 
July. The values of R d in the current-year needles were signifi¬ 
cantly lower, under L-15, L-30 and L-60 treatments, than those 
under and L-100 treatment, which can be explained as a strategy 
of energy conservation by the seedlings to minimize the respira¬ 
tory loss of C0 2 in order to produce a positive carbon balance 
under the low light conditions. These results implied that needles 
under L-60 treatment might accumulate more biomass than that 
under L-100 treatment because no significant difference of A max 
between L-100 and L-60 treatments, but significantly lower R d in 

4^ Springer 


L-60 treatment. 

Generally, the LCP and LSP are both good indicators of light 
requirements, with sciophytes normally exhibiting lower values 
than heliophytes (Griffin et al. 2004; Pastur et al. 2007); in addi¬ 
tion, the R d and AQY in shade-tolerant species tend to be lower 
than in shade-intolerant species (Bond et al. 1999; Pothier and 
Prevost 2002). We found that the P. koraiensis seedlings had 
lower LCP and LSP values in response to decreasing light levels 
for both the current and one-year-old needles, indicating a degree 
of photosynthetic plasticity to the varying light conditions. This 
suggests that the variations in physiological processes in terms of 
the R d , LSP, and LCP allow P. koraiensis seedlings to tolerate a 
wide range of light environments for survivals. The AQY was 
lower after August, under both L-100 and L-60 light levels for 
the current-year needles and under L-100 light level for the 
one-year-old needles of the P. koraiensis seedlings, indicating an 
apparent photoinhibition to avoid damage to the photosynthetic 
apparatus by excessive energy (Boardman 1977). We found there 
was a stronger relationship in the current-year needles between 
the light levels and needle traits (i.e., the LMA and N and Chi 
contents), indicating that the capability of acclimation to the light 
conditions was closely related to the growth stage of the needles. 
The better acclimation of the current-year needles could have, 
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perhaps, compensated for the lower photo synthetic ability (A max ) 
of the one-year-old needles in the later part of the growing sea¬ 
son (Fig. 1A, B). 

By comparing the values of the A max , R d , AQY, LCP and LSP 
observed in the P. koraiensis seedlings under various light levels 
with those of light demanding and shade-tolerant tree species, we 
found that all of the values fell between those of the heliophilous 
and shade-tolerant tree species. For example, the mean value of 
the A max under the different light levels varied between 4.10 and 
7.09 pmoFm'^s' 1 in the P koraiensis seedlings, which was in a 
range between the values of the sciophytes, Abies balsamea 
(4-year old seedlings, 4 pmohm'^s' 1 ) (Kayama et al. 2002; Poth- 
ier and Prevost 2002), and those of the heliophyte, P sylvestris 
(18-year old saplings, 8 pmoFm^s 1 ) (Luoma 1997). The mean 
value of the R d under the different light levels varied between 
0.53 and 1.43 pmoFm^s' 1 , and the AQY varied between 0.023 
and 0.029 mol CCE-mol 1 , which were higher than the sciophyte, 
4-year old seedlings of A. balsamea ( R d = 0.05 pmohm^s' 1 and 
AQY = 0.02 mol CC^-mol' 1 ), and lower than the heliophyte, 
4-year old seedlings of Populus tremuloides (R d = 2 pmohm^s' 1 
and AQY = 0.04 mol CCE-mol 1 ) (Pothier and Prevost 2002). The 
same trends were observed for the LSP and LCP (i.e., the LSP 
varied between 467 and 1583 pmoFm^s' 1 and the LCP between 
18.8 and 44.2 pmohm^s' 1 , respectively) of the P. koraiensis 
seedlings, which were greater than those in the sciophyte, 4-year 
old seedlings of Picea abies (LSP =~450 pmohm^s' 1 and LCP 
=10.0-20.0 pmol-m^s 1 ) (Grassi and Bagnaresi 2001; Kayama 
et al. 2002), and lower than in the heliophytes, 18-year old sap¬ 
lings of P. sylvestris (LSP =-1700 pmoFm^s" 1 , LCP =70.0 
pmoFm^s' 1 ) (Luoma 1997). Therefore, P. koraiensis , at least for 
6- or 7-year-old seedlings, could be considered as a tree species 
that lies in the range between the heliophilous and 
shade-tolerance species. The result of this study demonstrated 
the photosynthetic plasticity of P. koraiensis seedlings to varying 
light conditions, which is similar to the other five-needle pines ( P. 
sibirica, seven to ten years old seedlings; and P. strobes , eight 
years old seedlings) (Mudrik and Vil’chek 2001; Major et al. 
2009). 

Effects of light levels on the P koraiensis seedling growth 

There was a clear trend in seedling growth, with the greatest 
height and the largest root collar diameter under the L-60 treat¬ 
ment at the end of the experiment. The same trend was found 
with regards to the biomass parameters. The growth response of 
the P. koraiensis seedlings to the different light levels may be 
explained by the photosynthetic variables observed in the needles 
of different ages. 

In general, the light-saturated photo synthetic rate ( A max ) is re¬ 
lated to the developmental stage of the leaves, such that when 
they are in the process of unfolding or when they are not fully 
expanded, the leaves do not have fully active chloroplasts; con¬ 
versely, well-developed foliage is at the peak of its photosyn¬ 
thetic performance (Hieke et al. 2002; Pastur et al. 2007). In our 
experiment, photosynthetic measurements were not conducted in 
the current-year needles during June because the current-year 


needles were not well developed. However, the average values of 
the A max for the current-year needles were 32.1%, 23.5%, 16.9% 
and 20.7% greater than those for the one-year-old needles during 
July and October under the L-100, L-60, L-30, and L-15 light 
levels, respectively. This result was in agreement with the greater 
N content in the current-year needles, as compared to the 
one-year-old needles (Fig. 4). In addition, the highest chlorophyll 
content in both the current and one-year-old needles was found 
in the L-60 treatment, which may help to ensure effective photo¬ 
synthetic rates for the P. koraiensis seedlings under such light 
condition (Pastur et al. 2007). The dark respiration rate (R d ) has 
been shown to be correlated with plant growth stages (Pastur et 
al. 2007). In our observations, the R d values in both the current 
and one-year-old needles were higher under L-100 treatment 
than those under L-60 treatment (Fig. 1C, D), which indicated 
that the P. koraiensis seedlings under L-60 treatment consumed 
less mass than under L-100 treatment because A max values under 
both treatments were similar to each other. The V cmax and J max 
were significantly related to the LMA and the needle N in both 
the current and one-year-old needles, in agreement with the re¬ 
sults of growth data (Figs. 5, 6). These results may have contrib¬ 
uted to the overall reduction of the mass accumulation in the 
one-year-old needles. In addition, the ratio of needle biomass to 
above ground mass was significantly lower in L-100 light level, 
indicating that seedlings under L-100 may produce relatively less 
dry mass even though the A max value under L-100 was higher 
(Zhang et al. 2013). 

Conclusions 

This study shows that the photo synthetic status and needle traits 
of P. koraiensis seedlings can change in response to various light 
intensities, which may ensure that P koraiensis seedlings are 
able to grow and survive under different light regimes. The re¬ 
sults highlight the photosynthetic plasticity of the P. koraiensis 
seedlings to varying light intensities. This plasticity allowed the 
P. koraiensis seedlings to grow and survive under the condition 
of 15% of the full light by improving the efficiency of photosyn¬ 
thesis to the relatively low light intensities, and to produce the 
photoinhibition response to avoid the damage caused by the 
more intense light levels. The treatment of L-60 resulted in the 
highest growth, which indicates that the P. koraiensis seedlings 
have an optimum light condition, even though they may exhibit 
photosynthetic plasticity. These findings suggest that P. koraien¬ 
sis is the in-between heliophilous and shade-tolerant tree species 
at least for the seedlings up to 8 years. The conclusions are only 
based on the light quantity without considering light quality al¬ 
though light quality is important for the establishment of P 
koraiensis seedlings. 
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